Introduction (TGF-␤) superfamily as candidates for feedback inhibitors of neurogenesis (Shou et al., 1999 (Shou et al., , 2000 . Here we The sizes of neuronal populations are critical determinants of nervous system function and are under tight provide in vitro and in vivo evidence that a recently identified member of this superfamily, growth and differgenetic control (Williams, 2000) . In the vertebrate nervous system, the gradual slowing and then cessation of entiation factor 11 (GDF11), acts as such a feedback inhibitory signal in the OE. Thus, one way in which the progenitor cell proliferation toward the end of embryonic development (Caviness et al., 1995; Kauffman, 1968) mammalian nervous system achieves proper neuron number during development is by negative autoregulasuggests that neurogenesis is under some form of negative control. Experiments on model systems support the tion of neurogenesis. In the OE, GDF11 and its antagonist, follistatin, are critical regulators of this process. idea that differentiated neurons produce signals that feed back to inhibit the generation of new neurons by neuronal progenitors (Mumm et al., 1996) , but the moleResults cules that mediate such effects in vivo have not been identified. Elucidating such negative growth signals is Expression of Gdf11 and Its Putative Receptors likely to be very important, not only for understanding by Neurons and Neuronal Progenitors nervous system development, but also for devising
The TGF-␤ superfamily, a large group of secreted prostrategies to deal with brain injury and aging, in which teins with widespread roles in development and tissue persistent growth-inhibitory signals could thwart athomeostasis, can be divided into two groups on the tempts to promote regeneration. small subfamily of the TGF-␤/activin group, came to our bryonic day 12.5 (E12.5), and continues to be expressed through adulthood (data not shown). At E14.5-the age attention after a report showing its expression in the epithelium lining the nasal cavity (Nakashima et al., at which the neuronal lineage is fully established and there is a high level of neurogenesis in the OE . GDF11 is 90% identical in amino acid sequence to GDF8/myostatin, a factor that is expressed by muscle and Chikaraishi, 1989)-we found Gdf11 expression in the nasal mucosa to be confined to the olfactory (sencells, inhibits proliferation of myoblasts in culture, and when absent causes mice to exhibit increased skeletal sory) epithelium, with no expression in adjacent respiratory epithelium ( Figure 1A ). Thomas et al., 2000) . Beand neural tissues near the OE appeared to be confined to the eye (lens and neural retina): no expression was cause this is the same type of action we envisioned for feedback inhibition of neurogenesis, we performed in evident in OE stroma; in facial mesenchyme surrounding the OE; or in the olfactory bulbs, with which developing situ hybridization experiments to determine if Gdf11 and components of its signaling pathway have appropriate ORNs make synaptic contact (data not shown; see Nakashima et al., 1999). The Gdf11 homolog Gdf8, in conpatterns of expression in the OE (Figure 1) .
In mouse OE, Gdf11 expression is first evident at emtrast, is not expressed in OE, but as expected is present in developing head and trunk muscle ( Figures 1B and  1C) . At higher resolution, Gdf11 expression was seen to be confined to the basal two-thirds of the OE, the region that contains ORNs and their progenitors ( Figure 1D) . A similar expression pattern was observed for ActRIIb and the type I TGF-␤ receptor Alk5, which other work has suggested are the likely ligand binding and signaling receptors for GDF11 ( Figure 1D) (Figure 1E) . The neuronal cells of the OE, which occupy contrast, no increase in GFP ϩ cell number occurred in With this confirmation, we then tested directly the GDF11-treated cultures, although similar numbers of effect of GDF11 on OE explants cultured from TgN1-INPs were present initially whether or not GDF11 had 2G embryos. As shown in Figure 3C , GDF11 treatment been applied ( Figure 4B ). As expected, MASH1-expressresults in a 3-fold decrease in the number of GFPing progenitors, which normally decline in number durexpressing cells that develop over the course of 22 hr, ing culture (Gordon et al., 1995), were unaffected by in a manner that is completely blocked by follistatin.
with GDF11 completely abolishes the stimulatory effect
GDF11 treatment at any time point tested ( Figure 4C ). Because GDF11 has no effect on proliferation of the ϩ/Ϫ explants and the percentage of p27 ϩ cells that were NCAM negative (i.e., were treated with 20 ng/ml GDF11 for 12 hr, then GDF11 was reneuronal progenitors) calculated. Error bars, SEM; p Ͻ 0.001, Stumoved and cultures re-fed with medium containing follistatin (100 dent's t test. ng/ml; "GDF11 to Fol") or 20 ng/ml GDF11 ("GDF11 to GDF11"). Control cultures had no factor added for the first 12 hr, then were switched to medium containing 100 ng/ml follistatin. Total GFP ϩ test this idea, we grew OE explants for 14 hr in the cycle, through a mechanism involving increased expression of p27
Kip1
. We speculated that GDF11-induced cell cycle arrest was likely to occur in G1, a crucial phase of cell cycle control for many kinds of progenitors. The cyclin-depenIncreased Neurogenesis in Mice Lacking Functional Gdf11 dent kinase inhibitor p27
Kip1 has been implicated as a mediator of G1 phase cell cycle arrest induced by TGF-␤ To determine if endogenous GDF11 regulates OE neurogenesis in vivo, we disrupted the mouse Gdf11 gene, (e.g., Polyak et al., 1994) . Since the type I TGF-␤ receptor, ALK5, is also the likely signaling receptor for GDF11 inserting a neo cassette into exon 3, which encodes the mature peptide ( Figure 6A ). This allele (referred to as (Federman et al., 2000) , and since p27
Kip1 is known to be involved in regulating proliferation of neuronal pro- , 7.28 Ϯ 0.74 mm; mean Ϯ SD of data from two litters]).
As described earlier, the effects of GDF11 in vitro appear to be exerted specifically on Ngn1-expressing The data presented here demonstrate that GDF11 is in GDF11 activity would be expected to result in a dea critical endogenous inhibitor of OE neurogenesis. Its crease in neurogenesis, to below normal levels. It is not known if the CNS controls neuron number has been the subject of speculation for many years. using a mechanism similar to the feedback inhibitory mechanism we have proposed for OE. An important Almost 40 years ago, Bullough put forward the hypothe-part of determining whether such a mechanism might operate will be to test likely signaling molecules for their potential role(s) as autocrine-negative regulators of neurogenesis. Significantly, both GDF11 and follistatin show widespread expression in the CNS (data not shown) (Feijen et al., 1994 ; Nakashima et al., 1999; Roberts and Barth, 1994), including regions such as the dentate gyrus of the hippocampus, the external granule layer of the cerebellum, and neural retina, where neurogenesis is known to be tightly controlled by cell interactions (e.g., Parent et al., 1997; Sloviter et al., 1996) . Given these facts, it is reasonable to hypothesize that GDF11 and follistatin may be important players in a process of feedback inhibition of neurogenesis that could act to regulate neuron number during development (and, potentially, regeneration) of the CNS.
Regulation of Neuron Number by GDF11
Although GDF11 clearly acts as a negative regulator of (Hogan et al., 1994) . Heterozygous mice appeared normal and ICN) was applied at the following concentrations: 1.5 Ci/ml for the were intercrossed to obtain homozygous mutant mice. Gdf11 tm2/ϩ final 6 hr in explants cultured for 22 hr, 5 Ci/ml for the final 2 hr in (CD1,F1) mice were generated by crossing Gdf11 tm2/ϩ mice on a 129/ explants cultured for 8 hr, and 0.1 Ci/ml for the final 24 hr in SV background with CD-1 females. Gdf11 tm2/tm2 embryos and their explants cultured for 48 hr. Cultures were fixed and processed for littermates used in this study were generated by intercrossing autoradiography as described previously (DeHamer et al., 1994; Gdf11 tm2/ϩ (CD1,F1) males and females. Animals were genotyped Shou et al., 1999). For comparison of labeled migratory cell numbers using a 3-primer PCR analysis of genomic DNA, with forward and among different explants in a given experiment, total numbers of reverse primers spanning the PGKneo cassette in the targeted allele cells surrounding each explant were counted and the size of the (5Ј-CGCTGCTGCCGATATCCTCT-3Ј forward primer, 5Ј-GCCTTCTT explant measured using NIH Image. Because explants are irregular GACGAGTTCTTC-3Ј reverse primer), and a third primer (5Ј-GCC in area, the number of 3 H-TdR ϩ cells for each explant was normalized TTCTTGACGAGTTCTTC-3Ј) in the neomycin gene. The Gdf11 wildto an area value of 15,000 m 2 , the average size of explants in these type allele was detected as a ‫082ف‬ bp product and the Gdf11 tm2 cultures (cf. DeHamer et al., 1994). allele as a ‫005ف‬ bp product.
